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Materials and Methods 

Animals. Female, 3-5 month-old mice knockout for the recombination activating gene 1 

(Rag1-/-; background strain C57BL/6J) were used. Briefly, targeted Rag1 deletion causes the 

arrest of rearrangement of B cell receptors (immunoglobulin production) and T cell receptors 

and absence of T and B cell differentiation, and therefore of adaptive immunity (1). These 

mice also have high levels of NK-cell activity. The mice derived from the breeding facility at 

the Department of Microbiology, Tumor and Cell Biology (MTC) of Karolinska Institutet and 

were maintained in the same animal facility. All experiments were carried out in a BSL2 

laboratory, where the mice were housed in IVC cages (3-5 per cage) under a 12h:12h 

light:dark cycle (lights on at 6 am, Zeitgeber time, ZT, 0) with food pellets and water ad 

libitum. Mice were naive to all kind of handling and exposure when the experiments started. 

After surgery (see below), the mice were housed individually and assigned to one of the 

experimental groups. The experiments were approved by the local ethics committee 

(Stockholms Norra Djurförsöksetiska Nämnd, project N87/12). All efforts were made to 

minimize animal suffering and to reduce the number of animals used.  

Influenza A/WSN/33 virus infection. Since the studies were to be performed in mice and 

potential neuronal targets in the brain were to be traced, a mouse-neuroadapted influenza A 

(A/WSN/33) (1.4 X 105 plaque forming units) virus (kindly provided by Dr. S. Nakajima, The 

Institute of Public Health, Tokyo, Japan) was used.The mice were instilled with 4-5 µL of the 

virus suspension or with 0.01 M phosphate-buffered saline, pH 7.4 (PBS) into one nostril for 

immunohistochemistry or PCR only and into both nostrils for EEG recordings combined with 

immunohistochemistry or PCR. Previously we have found that intranasal instillation of 

WSN/33 in small volumes causes a spread to the brain in RAG-/- mice that is not accompanied 

by virus spread to the lung as determined by PCR (2). This is similar to observations on the 

highly pathogenic avian influenza A/H5N1 virus in ferrets, which following intranasal viral 

installation showed viral spread to the brain and not to the lung, but severe bronchointerstitial 

pneumonia following intratracheal inoculation (3).  

For infection, the mice were briefly anaesthetized with isoflurane (Baxter, Deerfield, Illinois, 

USA). They were then followed daily and sacrificed, together with matched controls, before 

or when they showed signs of body weight loss, following the institutional guidelines and 

ethical protocol (see Fig. 1). 
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Surgery. Surgery was performed to implant wireless NeuroLogger® microchips 

(NewBehavior, TSE, Hamburg, Germany) in order to record electroencephalography (EEG) 

as well as body movement (actimetry) via a built-in accelerometer. Six infected mice and 5 

saline-exposed control mice were used for this part of the study. Female mice were used to 

preserve the NeuroLogger device, since they show less social aggressive behavior than male 

mice. The animals were anesthetized with isoflurane (induction 3% vol/vol, maintenance 1.5-

2% vol/vol) and fixed in a stereotactic apparatus (D. Kopf Instruments, Tujunga, CA, USA). 

The skull was exposed and 3 gold-plated brass screws were inserted into bole holes and 

served as electrodes: 2 for epidural EEG recording (1.5 mm caudal and 1 mm lateral to 

bregma; 2.3 mm caudal and 1.7 lateral to bregma, respectively) and a reference electrode 

(superficial to the cerebellum). Coordinates according to the mouse brain atlas by Franklin 

and Paxinos (4). To record postural muscle activity in addition to the actimetry signal, in 

some mice copper wires were implanted in the dorsal neck musculature to record 

electromyography (EMG). All electrodes leads were soldered to a 7-pin male pitch single row 

connector, which was fixed to the skull with dental cement (Paladur, Heraeus Kulzer GmbH, 

Wehrheim, Germany). After surgery, the animals were warmed with an infrared lamp and 

monitored until they woke up. The animals received acetaminophen (GlaxoSmithKline, 

Brentford, UK) in drinking water (0.24 mg/ml) for the 7 days recovery period after surgery. 

EEG recording and analysis. NeuroLoggers were configured using a specialized software 

(CommSW, NewBehavior, Zurich, Switzerland) and sampled at 199.8 Hz. Following baseline 

recordings, performed 7 days after surgery, the mice were treated intranasally with saline or 

infected as mentioned above and recordings were analyzed every week (see Fig. 1).  

Data were downloaded off-line to a PC using a USB plug-in "Readout station" and imported 

into the MatLab format, using a proprietary software (Converter, Newbehavior, Zurich, 

Switzerland). The analyses were performed blindly to the animal group assignment. Sleep-

wake states were identified using the MatLab software (The MathWorks, Natick, MA, USA). 

EEG, actimetry signals and  EMG were visually scored for 10 s epochs as wakefulness, SWS 

and REM sleep, according to standard criteria in rodents (5, 6). SOREM episodes were 

defined as at least 10 s-long REM sleep events preceded by at least 40 s of wakefulness (7). 

The total time spent in each state (wake, SWS, REM sleep), the number of state episodes, the 

mean duration of each state episode, the number of sleep-wake transitions and the mean REM 

sleep latency were calculated for a period of 4 h during the light phase (starting from ZT2-
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ZT6, with matched animals of the infected and control groups) and the dark phase (starting 

from ZT14). The mean REM sleep latency was calculated by averaging the time spent from 

the beginning of a continuous SWS episode to the beginning of the subsequent REM sleep 

episode. Cycles lacking REM sleep were considered incomplete and excluded from the 

calculation. Only ≥ 20 s-long SWS episodes were included in the analysis, thus excluding 

cycles with SWS episodes shorter than 20 sec.  

For spectral analysis, EEG of each vigilance state was analysed separately and epochs 

containing artefacts were excluded by a semi-automatic algorithm based on amplitude. 

Spectral analysis of the EEG was performed using Welch method (Matlab, The MathWorks) 

with a frequency resolution 0.5Hz. Power spectra densities in the 1-25Hz range were 

analysed. Integral power of EEG in delta (1-5Hz), theta (5.5-10Hz), alpha (10.5-13Hz) and 

beta (13.5-25Hz) bands were calculated. Data were normalized by division of the band's 

power to integral spectral power in the 1-25Hz band.  

Quantitative real-time RT-PCR. Eleven infected mice (including 4 with EEG recordings) 

and 7 control mice (including 3 with EEG recordings) were sacrificed by cervical dislocation 

26-41 p.i. as indicated in Fig 1. The brain was rapidly dissected out and, after removal of the 

olfactory bulbs, frozen on dry-ice and stored at -70°C. Total RNA was extracted using the 

RNeasy kit (Qiagen, Hilden, Germany). The amount and purity of the RNA was assessed by 

spectrophotometry (PicoDrop Limited, City, UK). Total RNA (1000 ng) was treated with 1 U 

of amplification-grade DNase I (Invitrogen, Carlsbad, CA, USA) according to instructions 

from the manufacturer. The DNase-treated RNA was subsequently reverse-transcribed using 

random hexamers and Super-script II reagents (Invitrogen) according to instructions from the 

manufacturer.  

cDNA templates (1 µl) were amplified in triplicate 25 µl reaction mixtures containing 

Platinum SYBR Green qPCR Supermix uracil DNA glycosylase (Invitrogen) reagents and 1 

µM gene-specific forward and reverse primers ordered from Invitrogen (Table S1). All assays 

were run on an ABI Prism 7000 real-time thermocycler (Applied Biosystems, Palo Alto, CA, 

USA). The levels of target transcripts were normalized to those of transcripts encoding 

hypoxanthine guanine phosphoribosyl transferase (HPRT). From these values, relative 

differences between the two groups were calculated using the 2−ΔΔCt method	
  (8). 
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Immunohistochemistry. Intranasally infected (n = 15, including mice with EEG recordings, 

2 at 15 days p.i. and 2 at 28-29 days p.i ), and non-infected Rag-1-/- mice (n = 5) were deeply 

anesthetized with sodium pentobarbital (50 mg/kg, i.p., APL, Stockholm, Sweden), and 

perfused transcardially with 4% paraformaldehyde (wt/vol) with picric acid as previously 

described (9). Brains, trigeminal ganglia and lungs were dissected out and post-fixed in the 

same fixative for 90 min at 4°C, followed by rinsing in 10% sucrose (wt/vol) in 0.1M 

phosphate buffer, pH 7.4, containing 0.01% sodium azide (Merck) and 0.02% bacitracin 

(Sigma). The tissues were kept in 10% sucrose solution for 2 days at 4°C, and then frozen 

with liquid carbon dioxide and sectioned on a cryostat (Microm, Heidelberg, Germany). Serial 

coronal sections were collected at 12 µm thickness for trigeminal ganglia, and 20 µm for 

brains and lung. The sections were mounted onto superfrost plus microscope slides (Thermo 

Scientific) and stored at -20°C.  

For immunohistochemical processing, sections were dried at room temperature (RT) for at 

least 30 min and then incubated with rabbit polyclonal antibody against influenza A/WSN/33 

virus, diluted 1:100,000 in PBS containing 0.2% (wt/vol) bovine serum albumin (Sigma) and 

0.03% Triton X-100 (Sigma) and incubated in a humid chamber at 4°C for 48 h. 

Immunoreactivities were visualized using the TSA Plus kit (PerkinElmer, Waltham, MA) as 

previously described	
   (10),	
  except for secondary antibody incubation for 1 h at RT instead of 

30 min. For double labeling, TSA Plus staining was first performed followed by the indirect 

Coons procedure. After the TSA plus staining, sections (without DABCO-mounting) were 

rinsed in PBS for 30 min and incubated for 48 h at 4°C with primary antibodies (listed in 

Supplementary Table S2). The sections were first washed with PBS for 30 min and then 

incubated at RT for 2 h with Cy3-conjugated affinity-purified donkey anti-rabbit IgG (or 

mixed with donkey anti-guinea pig Cy5, 1:150; Jackson Immunoresearch Laboratories, West 

Grove, PA), and after rinsing, mounted in DABCO medium. In some cases, counter-staining 

with DAPI (1:10,000 for 15 min, Sigma) was also added before mounting with DABCO 

medium. 

Imaging and analysis. The material was examined with an LSM700 confocal laser-scanning 

microscope (Zeiss), and images acquired from one airy unit pinhole as previously described 

(10). Emission spectra for each dye were limited as follows: FITC or Alexa Fluro488 (505–

540 nm), Cy3 (560–610 nm), Cy5 (>610 nm) and DAPI (420-460 nm). For the overview of 

influenza A/WSN/33 virus staining from brain sections, tile scan module together with 5X 
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objective was applied. Projection pictures were acquired from orthogonal z-stack with a depth 

interval of 1.0 µm with the 40X water objective (N.A. 1.40). Images were processed using the 

ZEN2012 software (Zeiss). Multi-panel figures were assembled in Adobe Photoshop CS6 

software (Adobe System).  

For quantification of loss of Orx/Hcrt- and MCH-positive neurons in lateral hypothalamus, 

Rag1-/- mice (n=4) with unilateral influenza A virus infection were included. Two to four 

sections from lateral hypothalamus per mouse (similar levels) labeled with Orx/Hcrt or MCH 

antibodies were selected and scanned with confocal microscope (10X, tile scan). Orx/Hcrt- 

and MCH-positive neurons were counted using ZEN2012 software manually. The loss of 

Orx/Hcrt- and MCH-positive neurons was calculated by comparing with the contralateral, 

uninfected side. The cell loss ratio is presented as mean ± SEM (standard error of mean). 

Statistics.  At the time of infection mice from the same original home-cage were assigned to 

the two experimental groups. 

The distribution of the data was assessed using Shapiro-Wilk, whereas the homogeneity of 

variance was assessed using the Levene's test. Statistical analyses were performed using SPSS 

(Chicago,	
  Illinois, USA). For the EEG data, comparisons between the infected and saline-

treated groups were carried out using the non-parametric Mann-Whitney test. To investigate 

changes over time, we used the Linear Mixed Model, which enables longitudinal analysis 

with missing data. Model fit improvement was assessed using the Akaike's information 

criterion. For the spectral power data, comparisons between the experimental groups were 

carried out using the non-parametric Kruskal-Wallis test. For RT-PCR data, comparisons 

between the infected and saline-treated groups were evaluated by the non-parametric Mann-

Whitney test. A Spearman's rank-order correlation was run to determine whether a 

relationship could be found between percentage of body weight loss and the total number of 

sleep-wake transitions during both light and dark phases. This parameter was chosen as the 

most representative of narcolepsy-like sleep disturbances. 

In all analyses, statistical significance was set at p < 0.05.	
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